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Abstract
We present the single event effect (SEE) tolerance of a mixed-signal application-specific integrated circuit (ASIC) de-
veloped for a charge-coupled device camera onboard a future X-ray astronomical mission. We adopted proton and
heavy ion beams at HIMAC/NIRS in Japan. The particles with high linear energy transfer (LET) of 57.9MeV·cm2/mg
is used to measure the single event latch-up (SEL) tolerance, which results in a sufficiently low cross-section of σSEL
< 4.2× 10−11 cm2/(Ion×ASIC). The single event upset (SEU) tolerance is estimated with various kinds of species with
wide range of energy. Taking into account that a part of the protons creates recoiled heavy ions that has higher LET
than that of the incident protons, we derived the probability of SEU event as a function of LET. Then the SEE event rate
in a low-earth orbit is estimated considering a simulation result of LET spectrum. SEL rate is below once per 49 years,
which satisfies the required latch-up tolerance. The upper limit of the SEU rate is derived to be 1.3×10−3 events/sec.
Although the SEU events cannot be distinguished from the signals of X-ray photons from astronomical objects, the
derived SEU rate is below 1.3% of expected non X-ray background rate of the detector and hence these events should
not be a major component of the instrumental background.
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1. Introduction1
The X-ray charge-coupled device (CCD) cameras have2
been functioning as the primary focal plane detector of3
modern X-ray astronomy thanks to their well-balanced4
performances for imaging-spectroscopy [1, 2, 3]. Although5
we owe the imaging performance of a camera to the X-6
ray telescope, the energy and timing resolutions depend7
heavily both on the readout noise and on the processing8
speed of the front-end electronics, respectively. Since the9
forthcoming camera systems will require a larger number10
of pixels, a higher frame rate and a lower readout noise11
than those of the conventional systems, implementing the12
electronics with discrete integrated circuits (ICs) will dis-13
sipate too much power in orbit.14
Recently, application-specific integrated circuits (ASICs)15
have been applied to the readout systems of the detec-16
tors including X-ray CCDs [4, 5, 6]. Drastically curtailed17
power consumption and compact size allow us to equip18
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many chips next to the sensors. Hence we have developed19
the mixed-signal Complementary Metal Oxide Semicon-20
ductor (CMOS) ASIC as the signal processing electron-21
ics for CCD cameras in space use [7, 8]. It is character-22
ized with not only a low-noise pre-amplifier but also a ∆Σ23
type analog-to-digital converter (∆Σ modulator), which24
has noise shaping capability [9]. The spectroscopic per-25
formance has been verified [10], which approved the ASIC26
as the front-end electronics of the X-ray CCD camera [11]27
onboard the ASTRO-H mission [12].28
The radiation damages to space-use ICs are classified29
into two types: a total ionization dose (TID) effect and a30
single event effect (SEE). The former is the accumulating31
damage mainly due to the geomagnetically trapped pro-32
tons and electrons. The latter is the stochastic damage33
that occurs when the energy deposited by a single heavy34
ion in the Galactic cosmic-rays exceed a threshold defined35
by the linear energy transfer (LET).36
SEE can further be categorized into a single event latch-37
up (SEL) and a single event upset (SEU). SEL is a pecu-38
liar issue in CMOS Large Scale Integration (LSI). Since39
the NMOS and PMOS transistors are formed on a sin-40
gle silicon wafer, there are PNPN junctions forming par-41
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asitic thyristors [13]. If the input voltage exceeds that of42
the power supply momentarily due to the impingement43
of high energy particle, the thyristor is switched on and44
the excessive current continues to flow unless the power is45
shutdown. Finally, the LSI may be broken due to the over-46
heat. On the other hand, SEU is generally represented by47
the bit inversion in the circuits such as memories and flip-48
flops. Despite the fact that SEU events are not critically49
harmful to the LSI, it can fudges up false signals.50
Nakajima et al. [14] performed the TID test by irradi-51
ating our ASICs with a proton beam and verified that the52
gain and the input equivalent noise were not influenced53
up to 140 krad. The simulated dose rate in the low earth54
orbit (LEO) of ASTRO-H is 1 krad/yr, which promises no55
significant accumulating damage during the required mis-56
sion lifetime of three years. This paper reports the SEE57
tolerance of the ASIC measured with protons and heavy58
ions.59
After the description of our ASIC and the specification60
of the SEE test in Section 2, we report the results (Sec-61
tion 3) and the expected SEE rate in the LEO (Section 4),62
followed by summary (Section 5). Indicated errors below63
mean 90 % confidence level, unless otherwise mentioned.64
2. Specification of the SEE Test65
2.1. Specification of the ASIC66
The detailed specification of our ASIC (hereafter we67
call it MND02) is described in Nakajima et al. [14] and68
references therein. Here we summarize its characteristics69
especially regarding the radiation hardness.70
MND02 is equipped with four identical chains that pro-71
cess the signals from CCDs simultaneously. Each chain72
consists of a preamplifier, a 5-bit digital-to-analog con-73
verter (DAC), and two ∆Σ modulators (see Fig. 1 in [14]).74
Analog signals from CCD are fed into MND02 through75
AC coupling capacitor. Preamplifier differentially 10 times76
amplifies the signals and the 5-bit DAC gives offset to the77
signal level. Two ∆Σ modulators work by turns converting78
the amplified analog signals into two 155-bit serial streams79
[15]. Then the bit stream is decimation-filtered in subse-80
quent circuits implemented in another ICs such as field-81
programmable gate arrays (FPGAs) and finally we obtain82
the 12-bit decimal value. The weighting coefficients for83
each bit in the decimation filter has been determined by84
simulations (Fi.g 6 in [7]) to enhance the frequency re-85
sponse as a low-pass filter and improve signal-to-noise ra-86
tio.87
It was fabricated by Taiwan Semiconductor Manufac-88
turing Company (TSMC) 0.35 µm CMOS process through89
MOSIS service. The chip wafer is made from a p-type epi-90
taxial wafer to improve the SEL tolerance. Although we91
do not employ the enclosed layout transistors, all the MOS92
toransistors are surrounded by guard rings to strengthen93
the chip against TID effect. 3 mm square bare chip is94
packed into 15 mm square ceramic quad flat package (CQFP).95
Figure 1: Mask layout of MND02 illustrating the location of the cir-
cuit components. The red box surrounds the region of single chain.
Four identical chains are located lengthwise. The orange boxes indi-
cate the location of the circuit components in a chain. The size of
the chip is 3mm square.
It functions with 3.3V single power supply for analog and96
digital circuits. Fig. 1 shows the mask layout of MND0297
with the labels of the circuit components. Most of the98
wafer area is devoted to capacitors.99
2.2. Specification of the heavy ion beam100
We employed the charged-particle beams at a physics-101
general experiment line 1 (PH1) and the medium energy102
beam (MEXP) course at Heavy Ion Medical Accelerator103
at Chiba (HIMAC) in National Institute for Radiological104
Sciences. Particles are extracted into the MEXP course105
immediately after the linear accelerator. The particle ki-106
netic energy per atomic mass unit is 6 MeV/u. The beam107
duration is 350 µsec and can be shortened by a chopper108
down to 5 µsec. The pulse interval is 1.65 sec and hence109
the time profile of the beam is quite intermittent. The110
beam intensity is measured by the Faraday cup (FC) lo-111
cated at the upstream of our chamber. The device under112
test (DUT) is put in a vacuum state when we use MEXP113
course to avoid the energy loss and the scattering of the114
incident particles.115
In the case we use PH1 course, the particles are ac-116
celerated in the synchrotron ring up to 400 MeV/u before117
they are extracted. Since the particles are fed to two rings118
by turns, the beam interval is 3.3 sec, while the duration119
of the beam on phase is 1 sec at the beam exit. DUTs120
are in an atmospheric pressure in PH1 course and are put121
2
30 cm downstream from the beam exit that consists of122
Aluminum film with the thickness of 100µm. The energy123
loss in the flim and air is well below 0.1% of the incident124
energy. Beam fluxes were measured using a scintillation125
counter prior to each test.126
Table 1 lists the specification of the beams adopted in127
the HIMAC. LET ranges from 5.89×10−3 to 57.9MeV·cm2/mg.128
The beam size was measured by FC located near beam exit129
and the incident fluxes was derived by fitting the beam pro-130
file with a two-dimensional Gaussian model. There is no131
resin cover above the bare chip and the lid of the CQFP132
was removed throughout the test to ensure the incident133
energy. Since the size of the socket on which DUTs are134
mounted is 50mm by 60mm, the other ICs on the printed135
circuit board (PCB) were not exposed to the radiation.136
We supply 3.3V directly from transistor DC power sup-137
ply unit (PSU) through no serial resistors. Hence the SEL138
causes immediate current increase up to the limit value.139
The current in the PCB during test and that of the limit140
are 0.13 and 0.2A, respectively. The PSU was programed141
to shut down immediately when it noticed the current limit142
and supply voltage again after 5 seconds. We provided143
pseudo CCD signals into the DUT with a pixel rate of144
78 kHz during the test.145
3. Results of SEE Tests146
3.1. Results of SEL Tests147
Fig. 2 shows the time profile of the current in the PCB148
for analog and digital circuit in the case of Xenon beam.149
The signal processing was performed throughout the dura-150
tion shown in the figure. The current level during the beam151
on does not increase compared with that during beam off,152
which means there is no SEL during the irradiation. Total153
fluence of the Xenon ions was 7.2×1010 /cm2.154
The cross-section of the SEL (σSEL) is calculated di-155
viding the number of the SEL events by the fluence of the156
particles. Since there was no SEL event in this experiment,157
we estimate the upper limit of σSEL using Poisson statis-158
tics. Assuming three SEL events for the above fluence, the159
derived σSEL is below 4.2×10
−11cm2/(Ion×ASIC) at 95%160
confidence level. Nakajima et al. [14] also performed the161
SEL test for MND02 but only for Fe ions with the LET of162
1.68 MeV·cm2/mg. In this report we put the upper limit of163
σSEL at an LET by 34 times higher than that of the previ-164
ous experiment. This LET is sufficiently high enough that165
SEL event should not be a cause of instrument downtime.166
Although there is no significant increase of the current167
due to the beam, some features are seen in Fig. 2. The168
fluctuations of the current seen only when the beam was169
on can be understood that it is due to the ion-shunt [16,170
17, 18]. It often follows from funneling [19, 20] in the171
drain depletion layer. When the carriers created by the172
charged particle concentrate throughout a volume linking173
two junctions, the coupling of the junctions occurs and174
then the carriers redistribute. This results in the temporal175
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Figure 2: Time profile of the current in the PCB for analog circuit
(top panel) and digital circuit (bottom panel) during the beam irra-
diation of Xenon 6MeV/u (hatched duration). The current limit of
the PSU is set to be 0.2A for the total of analog and digital circuits.
increase of the current in the chip. On the other hand, the176
current jump down when the beam sets in and the small177
fluctuations after the beam off cannot be explained by the178
ion shunt. Some charge up in the chip may explain the179
former phenomenon. Aside from the fluctuations, there is180
a slope in the current versus time. This comes from the181
other ICs than MND02 on the PCB since we see this slope182
not only in the radiation experiments but also in other183
experiments.184
3.2. Results of SEU Tests185
Fig. 3 shows the pulse height amplitude (PHA) distri-186
butions obtained when we process the pseudo CCD signals187
of 820 pixels with constant input voltage. While the dis-188
tribution with beam off can be reproduced with Gaussian,189
there are some anomalous pixels whose PHA show signifi-190
cantly deviated values from the Gaussian when the Xenon191
200 MeV/u beam is on. We regarded the pixels that de-192
viates more than 4 σ from the distribution center as SEU193
events.194
The influence of the SEU events on the PHA distri-195
bution varies considerably among the circuit components196
in MND02. If the bit inversion occurs at the resistor in197
the 5-bit DAC, all the pixels will be affected after the im-198
pingement until we set the DAC value again. Assuming199
that the digital circuit in the final stage of ∆Σ modulator200
is hit, one of the 155 output bit stream is inverted. Then201
the expected deviation from the normal PHA depends on202
the weighting coefficient of the inverted bit and it is no203
more than 8% of the normal value [7], which corresponds204
to 50units in the case of Fig. 3. In cases where big amounts205
of electron-hole pairs are created in the capacitors of the206
preamplifier or the integrator in the ∆Σ modulators, the207
3
Table 1: Specification of the beams at HIMAC.
Species Beam Energy Linear energy transfer Beam Width Maximum intensity
course (MeV/u) (MeV·cm2/mg) (mm in FWHM) (Ion/sec/cm2)
Proton PH1 100 5.89×10−3 3.8 × 1.1 1.7×109
Silicon PH1 400 0.49 2.9 × 2.6 3.3×104
Krypton PH1 200 4.72 4.4 × 3.8 3.3×105
Iron PH1 400 1.68 7.1 × 5.7 3.3×104
Xenon MEXP 6 57.9 2.4 × 1.8 1.0×108
PH1 200 10.6 diameter of 10 3.3×106
PH1 400 7.2 diameter of 10 3.3×104
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Figure 3: Top panels: PHA distribution of the decimated pseudo
820 signals obtained during beam off and projected histogram of
their PHA. Bottom panels: The same as top panels but for the
data obtained during the beam irradiation. Several data points show
deviated PHA.
amount of the PHA deviation from the normal value de-208
pends on the energy deposited in the chip. Then only209
the single pixel is affected since we assert a reset signal to210
both of the preamplifier and the ∆Σ modulator. Consid-211
ering the fact that the amount of the PHA deviation from212
the distribution ranges from 20 to 120 units and the fact213
that the anomalies do not last over pixels, we guess that214
the probable components affected are the capacitors lying215
scattered over the chip.216
4. Estimation of the SEE Tolerance217
4.1. LET spectrum in the LEO218
The SEE event rate of an electronic devices in the spe-219
cific orbit and duration is estimated by integrating the220
product of the LET flux and SEE cross-section. The en-221
ergies, densities and types of particles in the space en-222
vironment depend significantly on the orbital parameters223
such as the altitude, the inclination angle, the recent so-224
lar activity, and the amount of spacecraft shielding. Then225
we simulated the LET flux distribution due to the galac-226
tic cosmic-rays in the LEO of our primary target mission227
ASTRO-H using the tools provided by JAXA Space En-228
vironment & Effects System (SEES) group 1, which is229
shown in Fig. 4. In this simulation Cosmic Ray on Micro-230
Electronics (CREME) code [21] is used. In this mission231
MND02 chips are mounted on a PCB in the camera body232
that is made of Aluminum with the thickness of about233
20mm.234
4.2. Estimation of SEE rate235
The probability of SEE when a charged particle impact236
the LSI is expressed as a function of LET (L) as following237
equation called Weibull curve.238
PSEE(L) = P0 × (1− exp(−
L− Lth
W
)) (1)239
1http://seesproxy.tksc.jaxa.jp
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Figure 4: LET spectrum expected in the environment MND02 is
located. Assumed orbital parameters are the height of 550 km, the
inclination angle of 30◦. Aluminum cover with the sickness of 20mm
surrounds MND02 for all direction. The calculated duration is one
year from January 2014 and an influence of magnatic storm is taking
into account.
where P0 is the saturated probability, Lth is the thresh-240
old LET, and W is a curve width. Then we calculate the241
SEE rate integrating the product of PSEE(L) and parti-242
cle flux throughout the available LET range in Fig. 4 of243
2.0×10−3 ≤ L ≤ 100MeV·cm2/mg.244
Although series resistors are implemented in power lines245
for the flight model electronics to avoid the thermal de-246
struction in the case of the SEL, we require the probabil-247
ity for the latch-up to be below once per 30 yrs, which248
is 10 times the required mission lifetime of ASTRO-H.249
Since we put the upper limit of the SEL probability us-250
ing Xenon beam of 6MeV/u, the most pessimistic estima-251
tion of SEL rate is PSEL = 4.2 × 10
−11 cm2/(Ion×ASIC)252
for 2.0×10−3 ≤ L ≤ 57.9MeV·cm2/mg and PSEL = 1 for253
57.9≤ L ≤ 100MeV·cm2/mg. Then the SEL rate is calcu-254
lated to be once per 1.5×109 sec or 49 yrs, which satisfies255
the requirement.256
The SEU rate can be estimated in the same manner as257
that for SEL. However, we need an additional care about258
the proton data because of the nuclear reactions between259
high-energy protons and silicon nuclei in the device. Pro-260
tons indirectly induce SEUs since their elastic and inelas-261
tic interactions create secondary projectiles. They consist262
of neutrons, alpha particles and heavy recoiling ions [22].263
The resultant LET distribution in the silicon wafer is not264
a δ-function but wide-spread function.265
Hence we desire to calculate the number of SEU events266
due to the secondary heavy ions and subtract it from the267
total number of SEUs in the proton test. Since we mea-268
sured the SEU probability at the LET of Si 400 MeV/u269
(LSi400), it is assumed that the secondary particles with270
the LET larger than LSi400 induce SEUs with the same271
probability as PSEU(LSi400). On the other hand, when the272
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Figure 5: Probability for SEU to occur as a function of LET. The
results of 3 DUTs are averaged for each LET, except that we tested
4 chips for proton beam. The recoil component is considered for
protons (5.89×10−3 MeV·cm2/mg). Solid line is the Weibull curve
fitted with the data.
LET of the secondary particle is smaller than LSi400, we273
regard the SEU as that due to the proton. We adopted274
the LET distribution calculated by Barak [23] in which275
4×10−5 of the total number of protons create the sec-276
ondary heavy ions whose LETs are larger than LSi400.277
Taking into account the above consideration, we fit-278
ted the SEU probability plot with the Weibull function279
(Fig.5). The best fit values are 5.68+0.05
−0.02×10
−3MeV·cm2/mg280
for Lth, 3.886±0.001×10
−2 for P0, and 15.3
+166.6
−9.7 MeV·cm
2/mg281
for W . We then estimated the SEU event rate using fitted282
parameter to be 8.0+13.9
−7.3 ×10
−6 SEU/sec.283
Nevertheless the sharpness of the rising edge in Weibull284
function strongly depends on this estimation, the number285
of the data below 1 MeV·cm2/mg is limited in our ex-286
periment. Therefore we estimate the systematic error as287
follows considering that the Weibull function is monoton-288
ically increasing. In the worst case estimation, the proba-289
bility of SEU in an LET range higher than a data point and290
lower than the next one is assumed to be that of the latter291
data point. In this way we estimated most pessimistic rate292
to be 1.3×10−3 SEU/sec.293
Most of the SEU events such as that in Fig. 3 cannot be294
distinguished from the signals due to X-ray photons from295
astronomical objects. This means we need to consider the296
SEU event as a part of the non X-ray background (NXB).297
The NXB intensity of the X-ray CCD Camera onboard298
ASTRO-H is expected to be similar to that of the X-ray299
Imaging Spectrometer onboard Suzaku satellite, which is300
0.1 counts/sec [24]. Since the upper limit of the SEU rate301
is below 1.3% of known NXB rate, it should not be a major302
component of the instrumental background.303
5
5. Conclusion304
We have developed an mixed-signal ASIC for the read-305
out circuit of the onboard CCD camera. The results of the306
radiation tolerance test for SEE using protons and heavy307
ion beams can be summarized as follows308
1. We detected no SEL events even with a high LET309
beam of Xenon 6 MeV/u. The upper limit of the310
cross-section is σSEL < 4.2×10
−11cm2/(Ion×ASIC).311
The flapping of the current seen only when the beam312
was on can be understood such that it is due to the313
ion-shunt.314
2. Some anomalous pixels that have peculiar PHA are315
seen only when the beam is on, which we regard316
as SEU events. The most probable location of the317
impingement is capacitors in the preamplifier and318
the integrator of the ∆Σ modulators.319
3. The SEE event rate in an LEO is estimated by inte-320
grating the product of the simulated LET flux spec-321
trum and SEE probability. The upper limit of the322
SEL rate is once per 49 years, which satisfies our323
requirement. The upper limit of the SEU rate is de-324
rived to be 1.3×10−3 events/sec, which is 1.3 % of325
known NXB rate.326
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